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Introduction
Turrialba volcano is a large (3340m a.s.l.) basaltic-andesitic stratovolcano located at the eastern edge of the Cordillera Volcánica Central, Costa Rica, Central America, 35km ENE of the capital San José (figure 1a). This close proximity to San José makes monitoring the volcano extremely important, as a large eruption has the potential to affect 1.5 million people (Soto et al., 2010) . The most recent major eruptive event occurred between 1864 and 1866 and comprised phreatic, magmatic and phreatomagmatic episodes, including the generation of pyroclastic flows and surges (Reagan et al., 2006; Soto, 1988) .
The volcano summit is characterised by three main craters (named Northeast, Central and Southwest due to their geographical positions) in a linear configuration, reflecting the movement of the active volcanic centre from Northeast to Southwest (Martini et al., 2010; Soto, 1988) . Fumarolic gas discharges have been continuously present since the end of the last eruption (Campion et al., 2012; Soto, 1988; Soto and Mora, 2013; Tassi et al., 2004; Vaselli et al., 2010) . However since 1996, the volcano has been showing signs of increased fumarolic activity as well as increased levels of seismicity. This culminated in phreatic explosions beginning on 4 th January 2010 (Barquero and Rojas, 2011; Martini et al., 2010; Soto and Mora, 2013) , opening a vent with dimensions of approximately 65m by 20m on the southwest inner wall of the Southwest crater.
Long period (LP) seismic events have previously been observed at Turrialba volcano (Martini et al., 2010; Soto and Mora, 2013) , and their numbers have increased since 1996. This type of event occurs at volcanoes across the world, often increasing in number before a volcanic eruption (Chouet, 1996; Varley et al., 2010) . For the past few decades, efforts have been made in order to understand the sources of LP events. Experimentation, modelling, direct observations and technological advancements have been applied at active volcanoes across the world in order to come up with plausible models for LP events. Many models attribute them to fluid processes in order to explain their lack of energy at frequencies above 5 Hz, with the principle model proposing that they are caused by resonance of a fluid-filled cavity (Chouet, 1988; Jousset et al., 2004; Neuberg et al., 2006) .
The resonance produces slow waves that travel along the interface of the cavity (often called crack waves) at velocities lower than the acoustic velocity in the fluid, facilitating the generation of low frequency events even from relatively small cavities (Chouet, 1986; Ferrazzini and Aki, 1987) . The excitation mechanism for the resonance remains unclear, but could be related to pressure fluctuations within the fluid caused by fluid motion (Gilbert and Lane, 2008; Neuberg et al., 2006; Ohminato et al., 1998; Rust et al., 2008) . The fluid within the cavity could be hydrothermal (Cusano et al., 2008; Kumagai et al., 2005) , gas or magma (Neuberg et al., 2006) .
Full-waveform moment tensor inversion of LP events has been carried out at several volcanoes across the world (see review from Chouet and Matoza (2013) ), including Kilauea, Hawaii , Mt Etna, Sicily (De Barros et al., 2011; Lokmer et al., 2007) , Kusatsu-Shirane, Japan (Kumagai et al., 2002) and Campi Flegrei, Italy (Cusano et al., 2008) . The source mechanisms are usually constrained as crack mechanisms, which (using the resonance model for source generation) are often interpreted as fluid-filled cracks that are excited into resonance (Cusano et al., 2008; Kumagai et al., 2002; Kumagai et al., 2005) . These mechanisms are often accompanied by single forces, which could be caused in volcanic environments by transfer of mass within the volcano (Chouet, 2003; Takei and Kumazawa, 1994) , drag forces (Ohminato et al., 1998) , or by a volcanic jet during an explosion (Jolly et al., 2010) . However, single forces recovered during moment tensor inversion are often artefacts caused by mismodelling of the velocity structure during the inversion (De Barros et al., 2011) .
No studies have previously been carried out to investigate the source mechanism of LP events on Turrialba volcano, making this the first in-depth study. This study is therefore important as a better comprehension of LP events at Turrialba volcano may improve the understanding of the present stage of activity within a potentially dangerous volcano that appears to be "reawakening". Turrialba volcano is also an ideal candidate for moment tensor inversion of LP events due to the relative ease of access to the summit of the volcano in comparison to many other active volcanoes; the summit region is large and relatively flat, allowing for the dense deployment of seismometers close to the active craters, which reduces the likelihood of erroneous solutions (Bean et al., 2008; Kumagai et al., 2010) .
The aim of this study is to accurately locate and resolve the source mechanisms of LP events at Turrialba volcano, using experience gained from previous studies, e.g. Davi et al. (2010); . The results are interpreted in terms of the processes within Turrialba volcano and compared to those for other volcanoes globally.
Data
A seismic field experiment was undertaken between 19 th March and 8 th September 2009 at Turrialba volcano. During the experiment, 13 stand-alone broadband seismometers were deployed (figure 1b); however only 10 were functioning for the majority of the time. CIMA, CIM2 and CEN1 are Guralp 3ESPDC 60 second instruments and the remaining stations are Guralp 6TD 30 second instruments.
The sampling rate was 100 samples/sec. The network was designed to have a high density distribution of stations across the summit and flanks of the volcano, which has been suggested by Bean et al. (2008) and De Barros et al. (2011) to be necessary for accurate source inversion: this was difficult to achieve in some areas on the northern flank of the volcano which is inaccessible.
LP events are extracted from the data using short time average over long time average (STA/LTA) analysis within a frequency band of 0.5 to 4.0 Hz and a threshold of 6. However, this criterion also picks out other volcano-seismic events including volcano-tectonic (VT) events, which are not used in this study. An example of an LP event and an "unwanted" seismic event (VT) is shown in figure 2, with the LP at ~ 40 s and the VT event at ~ 70 s. In order to filter out the unwanted events, the STA/LTA analysis is also carried out separately for a higher frequency band (6.0 to 10.0 Hz). VT events would have a high (above threshold) STA/LTA value for both the low frequency and the high frequency bands (for example, the event on the right of figure 2 has an STA/LTA value of 17.6 for the low frequency band and 13.7 for the high frequency band), whereas LP events would have a high STA/LTA value for low frequencies only (the LP in figure 2 has a value of 39.8 for the low frequency band and 7.2 for the high frequency band). Therefore, events are only picked if they have a STA/LTA response more than 4 times larger in the low frequency band than in the higher frequency band. For the events in figure 2, this low-to-high frequency STA/LTA ratio is equal to 5.5 for the LP event (picked) and 1.3 for the VT event (rejected). Using this technique, over 6000 LP events are picked at the summit seismic station CIMA for the duration of the experiment. This station is used as it is closest to the active craters and is also one of the 60 second instruments. An example of an LP event recorded during the experiment is shown for the Z component at all stations in figure 3a.
The events are grouped into families of similar events using a cross-correlation method. The LPs are filtered between 0.3 and 1.3 Hz as most LPs recorded at Turrialba volcano have a main peak in this range of frequencies (figure 3b). They are cut 4 s before the minimum and 6 s afterwards, giving a 10 s trace to correlate. Each event is systematically correlated with all of the other events: subsequently, cluster analysis groups the events into families, where all correlation coefficients for events within a family are greater than a threshold of 0.8 (closed cluster). Using this technique, five separate families of events are extracted. The mean amplitude stacks of these families are shown in figure 4a , along with the number of events in each family. It can be seen that while each family appears to have slightly different waveforms, the differences between each stack are actually quite small. When the stacks are correlated with each other, they all correlate above the correlation coefficient threshold of 0.8. As stacking is a way of increasing the signal-to-noise ratio, and these stacks now correlate above the threshold, the five families are grouped together into one large family of 435 events, the mean amplitude stack of which is shown in figure 4b . However, the small differences in waveforms between the stacks of the original five families suggest that very small changes in source location and/or mechanism may occur between events.
The events show a pulse-like waveform in the frequency band used for the correlation (0.3 to 1.3 Hz).
The correlated LPs have high amplitude (of the order of 10 -5 m/s) and the first polarity is always positive.
It is noted that although a large family has been formed, this family represents only a small number of the total events recorded (< 8 %), leaving thousands of events that are not well correlated. Figure 5 shows the temporal distribution of LP events from the family (black), as well as the total number of LP events (red). Note that the apparent gap in LP activity during July is caused by a problem with station CIMA. It is interesting to note that the numbers of events that cluster into the family proportionally decrease with time.
3D Full-Waveform Moment Tensor Inversion
The source mechanism for the LP events is determined by using full waveform moment tensor inversion De Barros et al., 2011; Kumagai et al., 2002; Ohminato et al., 1998) .
The method used here is described in detail in Davi et al. (2010) . The nth component of the displacement u, recorded at position x and time t, can be written as:
where M pq is the force couple in the direction pq, F p is the single force acting in the direction p, and G np and G np,q are the nth components of the Green's functions and their spatial derivatives, respectively, generated by the single force F p and the moment M pq , respectively. Green's functions are the displacement responses recorded at the receivers when an impulse force function is applied at the source position in an elastic Earth (the medium response). The asterisks indicate convolution and the summation convention applies.
A 3D Elastic Lattice Method (ELM) is used to calculate the Green's functions by simulating full wavefield seismic wave propagation (O'Brien and Bean, 2004) . The models include topography which has been shown to be necessary for an accurate inversion in volcanic settings (Bean et al., 2008; Ripperger et al., 2003) . Good knowledge of the seismic velocity structure, especially of nearsurface low velocity layers that are often present on volcanoes, is also important in order to gain an accurate moment tensor inversion solution (Bean et al., 2008 Equation (1) is linear, and in the frequency domain can be written in matrix form:
where d is the data matrix, G contains the Green's functions, and m contains the moment tensor and single forces components. The quality of the inversion results is tested through the evaluation of the misfit between the calculated and the observed data, herein referred to as the residual R:
( 3) where W is a diagonal matrix of weights for the quality of the data.
Inversions are carried out both excluding and including single forces in the solution. De Barros et al.
(2011) state that when single forces are included in the moment tensor inversion for a dense network, the moment tensor component of the solution may be more accurate because the single forces absorb the errors in the velocity models used to estimate the Green's functions. Consequently, the results for the single forces themselves cannot be reliably interpreted. To check the robustness of the solutions the results both including and excluding single forces are examined in this study, although the single forces themselves are not interpreted.
Inversion is carried out for a grid of possible source locations below the volcano summit in order to locate the events through a joint inversion, as has been demonstrated in previous studies (Chouet et al., 2003; Kumagai et al., 2005; Kumagai et al., 2010; Nakano and Kumagai, 2005; Ohminato et al., 1998) . As the number of possible source positions is much greater than the number of stations, the Reciprocity Theorem (Aki and Richards, 2002) is used to compute the Green's functions. The most likely location area is defined by the set of smallest residuals described by equation (3).
The moment tensors are then decomposed into their principle components to find the source mechanisms, using the methods of Vasco (1989) . This is based on the singular value decomposition of the six time-dependent moment tensor components. This leads to an estimation of a common source-time function and its contribution to each component of the moment tensor, thus giving a source-time history of the source process and its mechanism. The eigenvalues of the scalar moment tensor give the source mechanism and the eigenvectors give the orientation of the principal axes.
From this, the solution can be decomposed into the percentage of isotropic, compensated linear vector dipole (CLVD) and double couple source mechanisms (Vavryčuk, 2001) , although this is nonunique and sometimes unstable.
Results
Results are similar for all events that have been inverted from the family, as expected. Therefore, the results shown in the figures are from the single LP event shown in figure 3 . This event is chosen as it has a good signal-to-noise ratio. The peak frequency is approximately 0.65 Hz, and the events are therefore inverted between 0.3 and 1.3 Hz. Only 10 stations are available for the inversion of this event as BABO, CEN1 and GUAY were not functioning at that time (data gaps at stations are a problem throughout the experiment), but these stations are not in the summit region so have a relatively small contribution to the inversion results. The event used is therefore deemed a good candidate for inversion as many other events have summit station data missing. 
Event Location

Source Mechanism
The moment tensor results from the full waveform moment tensor inversion, for the source location with the lowest residual, are shown in figure 7 . Normalised waveform fits between the real data and data reconstructed from the moment tensor solution convolved with the Green's functions can be seen in figure 8 . The fits are generally good for stations close to the summit of the volcano but poor for the stations further from the summit, which is expected due to the stronger path effect contribution to distant stations. However, the low amplitudes recorded at these stations give implicitly lower weights to these data in the inversion procedure.
The maximum amplitude for M zz is greater than 4x10 12 Nm without forces included in the inversion.
When the single forces are included in the inversion they appear to be quite large, ~ 3 x 10 9 N, but as previously stated these tend to absorb the errors in the inversion and so cannot be taken as evidence that single forces are present (De Barros et al., 2011) . The waveforms are pulse-like when the single forces are not included, but when single forces are included the coda of the event is longer. It appears that in this case the moment tensor-only solution is more realistic as the waveform at the summit station CIMA is pulse-like in the same frequency band, which suggests that the source-time function should also be pulse-like. However, except for their pulse-like nature, it is difficult to draw conclusions from the shape of the waveforms due to ( In order to confirm that the results can be interpreted as a crack mechanism shallowly dipping to the southwest, constrained inversions are also implemented. During the inversion, the mechanism is constrained to (1) an isotropic source, and (2) a crack with a gridsearch on its dip and azimuth (for details, see Lokmer et al. (2007) , De Barros et al. (2011)). These tests also find a crack mechanism to be the best fit solution, with orientations that are very similar to the unconstrained inversions.
Discussion
LP Events
Over 6000 LP events are identified between March and September 2009. Five families of LP events are extracted using a cross-correlation technique. However, the similarity of these families (their stacks correlate with a correlation coefficient above 0.8) allows the 435 events in the families to be grouped into one large family. The subset of five families suggests minor changes in the source processes, the source locations or the structure through which the seismic waves are travelling.
However, any changes in the source processes are likely to be very small as the moment tensor inversion gives very similar results for all of the events inverted. The source locations of the events also appear similar between families, but the resolution using the grid search method is not good enough to determine if the locations move small distances, which could be enough to produce small changes to the waveforms. It is therefore possible that the LP source is moving gradually, although it is not possible to determine in which direction(s). With regards to the structure of the volcano, the degree of water saturation could alter the seismic velocity of a medium, which would modify the waveforms of the LPs (Martini et al., 2009 ).
As well as changes within the family of events, there also appears to be a decrease in the percentage of LP events that correlate into a family after July 2009. This suggests that the LP events may be continually evolving and changing.
Source Locations
The results from the location method show that the LP events occur at shallow (<800m) depths, in good agreement with studies from other volcanoes (Almendros et al., 2001; Cusano et al., 2008; De Barros et al., 2009; Kumagai et al., 2002; Lokmer et al., 2007; Nakano et al., 2003; Saccorotti et al., 2007) . The locations have quite a large error (approximately ± 500 m) but the minimum residuals are located below the active Southwest and Central crater region. This is the region that contains the highly active hydrothermal and fumarolic systems with a magmatic intrusion beneath (Campion et al., 2012; Martini et al., 2010) and so it is likely that the LPs are related to these systems. As the depths are very shallow it is more likely that the LPs are related to the hydrothermal system, but a magmatic source cannot be ruled out as the magmatic body is believed to be at shallow depth (Campion et al., 2012; Martini et al., 2010) .
Source Mechanisms
The best-fit mechanism for the LP events is a crack mechanism dipping shallowly to the southwest at approximately 10 to 20 °. A crack mechanism has been constrained at many volcanoes across the world as the likely mechanism for the generation of LP events (e.g. Chouet, 1996; Cusano et al., 2008; De Barros et al., 2011; Kumagai et al., 2005) . The most widely-used model for the source mechanism of LP events attributes them to the resonance of a fluid-filled cavity (Chouet, 1988) . As previously stated, the source locations are shallow and a highly active hydrothermal system exists in the Southwest and Central crater region where the events are located (Martini et al., 2010) , so it is likely that the LPs are caused by hydrothermal processes rather than directly from the magmatic system. A resonating low angle (sub-horizontal) crack mechanism is believed to be the cause of LP events at Kilauea, Hawaii and Kusatsu-Shirane volcano, Japan (Kumagai et al., 2002) . In both these cases, the hydrothermal system is also interpreted to be the most likely source of LP events. The authors hypothesise that a crack containing hydrothermal fluid is pressurised by heating due to the presence of an underlying magma body. When the crack reaches a critical pressure level, there is a rapid discharge of the fluid, triggering the resonance of the crack. As a magma body is likely to be present beneath Turrialba volcano with the hydrothermal system overlying it (Campion et al., 2012; Martini et al., 2010) , the same hypothesis could also apply here.
A problem for the LP events recorded at Turrialba volcano is that many of the waveforms at the summit of the volcano near to the source are pulse-like; not wholly consistent with the hypothesis that the events are generated by resonance. However, this could be explained by a high damping of the resonance, either due to a high viscosity fluid or low stiffness of the crack walls (Chouet, 1986) . As the fluid is likely to be hydrothermal, it does not have a viscosity high enough to produce such significant damping. Low crack wall stiffness is more conceivable however, as the volcano is made up of layers of poorly consolidated tephra as well as more consolidated lavas and hydrothermallyaltered rocks (Reagan et al., 2006) . The less-stiff layers are more likely to contain the hydrothermal fluids as they are more likely to be permeable. Cracks may form parallel to the layering within these successive layers of tephras and lavas from previous eruptions as the layering is likely to create weaknesses within the structure, explaining the shallowly dipping orientations of the crack mechanisms. This could occur especially at the contacts between layers, as the layers are likely to be poorly bonded. As the volcanic centre has migrated over time to the southwest (Martini et al., 2010; Soto, 1988) , the more recently formed summit craters have grown on the flanks of the previous craters: for example the Southwest crater on the southwest flank of the Central crater. The structures beneath the younger craters are therefore likely to have a layering sub-parallel to the flanks of the older craters. Beneath the Southwest crater, for example, the layers are likely to be dipping to the southwest due to the presence of the structure of the Central crater. As the craters are relatively close together, the depth to this underlying structure is likely to be shallow.
Another hypothesis arises due to a discontinuity that exists at ~ 900 m below the summit craters between the present cone stage (< 200 ka) and the previous edifice, Palaeo-Turrialba (250 ka) (Reagan et al., 2006) . Such a discontinuity could influence the hydrothermal system since the older structure would be much more altered than the overlying younger material. This discontinuity is also likely to be dipping to the southwest below the Southwest crater. The consistent dip of the crack mechanism to the southwest can therefore be explained as the cracks generating LP events are likely exploiting the structure of the edifice.
The other possibility is that the hydrothermal fluid is "pulsing" through the crack, and this fits better with the pulse-like waveforms observed in the summit region. Similar conclusions were reached for LP events at Mt. Etna where crack mechanisms were found for events with comparably pulse-like waveforms . Again, the crack through which the fluid is "pulsing" may form parallel to the structural layering within the volcano, perhaps due to the hot rising hydrothermal fluid encountering an impermeable lava layer and so being forced to move laterally around it.
An alternative hypothesis to explain the pulse-like signals cannot be ruled out. For example, these events might be related to the deformation of the edifice (De Barros et al., 2011) in response to cycles of pressurisation/depressurisation associated to gas outputs. In this case LPs might be generated by crack opening/closing.
Robustness of the Solutions
The moment tensor inversion appears to be robust as it gives similar results in both mechanism and orientation, i.e. a crack mechanism dipping shallowly to the southwest, (1) for all five events that are inverted, (2) with single forces included or not, and (3) with constrained inversions. The solutions are also similar when the source locations are moved 500 m from the original location in all three directions (north-south, east-west and vertical), showing that a shallowly dipping crack mechanism is likely even if the source mechanism is mislocated. This means that even if the location obtained through the moment tensor inversion is not very precise, this method leads to accurately determined mechanisms. As shown by Lokmer et al. (2007) and Kumagai et al. (2010) , joint inversion for location and mechanism can lead to spurious results. However, the network coverage, including stations very close to the hypocentre, allow here for a robust characterisation of the mechanism (Bean et al., 2008) .
Another possible source of errors is the velocity model used when calculating the Green's functions, as there are no seismic velocity models available for Turrialba volcano. Ideally, further investigation into the seismic velocity structure at Turrialba volcano could be carried out to gain better constraints.
However, this is not presently possible so a homogeneous velocity model is chosen. While this is not likely to represent the real structure at Turrialba volcano, introducing more complex velocity structures without realistic constraints would likely generate further errors in the solution rather than improve it. The results presented here are therefore as accurate as possible at the current time. Even with a better velocity model, errors are still likely as volcanoes are highly heterogeneous structures, so simplifications are always required.
Conclusion
Results for the location and mechanism of LP events recorded at Turrialba volcano, Costa Rica in 2009 using full waveform moment tensor inversion have been presented. LP events at Turrialba volcano are generated by a crack mechanism dipping at a shallow angle towards the southwest, located at shallow depths between the active Southwest and Central craters. Using accepted models for the generation of LP events, the events are most likely to be generated in the hydrothermal system, either by resonance of a fluid-filled crack due to pressure fluctuations in the fluid or due to the fluid "pulsing" through the crack. The "pulsing" hypothesis seems more likely due to the pulse-like waveforms observed at the summit stations. The crack orientation is parallel to the likely orientation of layering of tephra and lava within the volcano, suggesting that the cracks form at weaknesses within the structure of the volcano edifice.
Conservation Area staff for the facilities provided during the field work at Turrialba Volcano National Note that the station used to identify families, CIMA, was not operational between 10 th and 22 nd July, hence the gap in the data. Eigenvectors are sampled every 0.002s when the amplitude of one of the components is greater than 99% of the maximum amplitude. The eigenvector ratios and the proportion of isotropic (Iso), CLVD and double couple (DC) components are labelled. Both solutions show that the most likely source mechanism for the LP event is a crack mechanism dipping at low angles to the southwest parallel to the two smaller eigenvectors. are included in the inversion. The real data is shown in blue and the reconstructed data in red.
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Table 1 -Results from the principle component analyses of the optimum moment tensor solutions for five events excluding single forces, using the methods of Vasco (1989) and Vavryčuk (2001) . Table 2 Results from the principle component analyses of the optimum moment tensor solutions for five events including single forces, using the methods of Vasco (1989) and Vavryčuk (2001) .
